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THE MICROSTRUCTURE OF SOME PORCELAIN GLAZES
I. INTRODUCTION
1. Purpose of Study.-A large number of papers dealing with
porcelain glazes have been published in the literature, but there is no
record of the results of a systematic study of the microstructure of
these glazes, nor of the influence of the microstructure upon the devel-
opment of the various types of glazes. This bulletin presents the
results of such a study of the glazes whose compositions fall within
the range
0.3 K20 00.73 O f 0.4 to 1.0 A1203 2.0 to 8.0 SiO20.7 CaO f
2. Definitions.-The following definitions of technical terms used
throughout the bulletin are necessary:
Mat glaze-A mat glaze is one that is without gloss; but, in addi-
tion to the lack of gloss, a good mat must have a satiny texture. The
ideal mat texture is very much like that of a fine undressed kid glove.
Bright or glossy glaze-These terms are synonymous, and define
themselves. A glossy glaze is usually considered to be all glass.
Semi-mat and semi-bright glazes-These glazes lie between the
two extremes defined above.
Devitrified glaze-A devitrified glaze is one that has recrystallized
at some point during the firing operation.
Immature glaze-An immature glaze is one in which there has not
been sufficient conversion of the ingredients into glass during the
firing operation.
3. Acknowledgments.-The investigation upon which this bulletin
is based was carried on by the author in partial fulfillment of the re-
quirements for the degree of Master of Science in Ceramic Engineer-
ing in the Graduate School of the University of Illinois.
This study has been a part of the work of the Engineering Experi-
ment Station of the University of Illinois, of which DEAN M. S.
KETCHUM is the director, and of the Department of Ceramic Engi-
neering of which PROF. C. W. PARMELEE is the head.
II. PREVIOUS LITERATURE
4. Review of Previous Literature.-Binns* in his classical original
work on mat glazes found that an increase in the alumina content
*C. F. Binns, "The Development of the Mat Glazes," Trans. Am. Cer. Soc., 5, 50, 1903.
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aided in the development of mat texture, and that most of the good
mat glazes were relatively high in alumina. He attributes the mat-
ness to the excess of alumina remaining suspended in the glaze.
Stull* charted the areas of mat, semi-mat, glossy, and devitrified
glazes for the same field that is covered in this study of their micro-
structure. Sortwellt extended the chart to higher temperatures
and Twells, Jr.,$ further extended the work by varying the com-
position of the RO group. In each of these studies the good mat
glazes were found to have a high alumina content and moderately low
silica; the alumina-silica ratio being from about 1:4 to 1:6.
Staley§ examined microscopically twelve mat glazes, the compo-
sition of most of which was not known, and found only two of them to
be crystalline mats.
Purdy¶ advances a theory for the development of mat glazes
which postulates the calculation of the glazes on the basis of norms.
The essential requirement is the presence of a glass to which is added
an excess of "feldspars," i.e., leucite, anorthite, and orthoclase. To
quote Purdy, "Our theory does not say that these feldspars are being
formed, although we believe this to be the case."
Pence** advances a theory of matness and presents microscopical
evidence that the matness in three types of glazes-calcium-alum-
ina, zinc crystal, and barium mats-is due to crystallization. The
crystals separating are not identified. All of these glazes contained
lead.
Heubachtt defends the crystallization theory and shows that a
porcelain glaze which normally burns bright can be made into a good
mat glaze by devitrification brought about by slow cooling.
III. EXPERIMENTAL WORK
The experimental work on the problem was divided into two parts.
Part A consisted in making a series of porcelain glazes from the
usual potters' materials, firing them and examining the fired glazes
microscopically.
*R. T. Stull, "Influence of Variable Silica and Alumina on Porcelain Glazes of Constant RO,"
Trans. Am. Cer. Soc., 14, 62, 1912.
tH. H. Sortwell, "High Fire Porcelain Glazes," Jour. Am. Cer. Soc., 4, 718, 1921.
tR. Twells, Jr., "The Field of Porcelain Glazes Maturing Between Cones 17 and 20," Jour. Am.
Cer. Soc., 5, 430, 1922, and 6, 1113, 1923.
§H. F. Staley, "The Microscopic Examination of Twelve Matte Glazes," Jour. Am. Cer. Soc.,
14, 691, 1912.
¶R. C. Purdy, "Matte Glazes," Trans. Am. Cer. Soc., 14, 671, 1912.
**F. K. Pence, "A Theory for the Cause of Matteness in Glazes," Trans. Am. Cer. Soc., 14, 682,
1912.
F. K. Pence, "Mat Glazes," Trans. Am. Cer. Soc., 15, 413, 1913.
ttA. R. Heubach, "Notes on the Cause of Matness in Glazes," Trans. Am. Cer. Soc., 15, 591, 1913
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Part B consisted of making up a series of porcelain glaze glasses
from pure chemicals and determining the primary crystalline phase
separating from each glass and its temperature of equilibrium.
5. Glazes from Potters' Materials.-
Scope
The composition of the glazes may be represented by the formula
7CaO
Ca3K0 x A1203 y Si023KO 1
in which x varies from 0.40 to 1.00 equivalent in increments of 0.10
equivalent and y varies from 2.0 to 8.0 equivalents in increments of
0.4 equivalent over part of the field and 0.8 equivalent over the
remainder. The composition of each glaze prepared is shown on a
rectangular diagram in Figs. 1 and 2.
The Raw Materials
The glazes were prepared from the following raw materials:
Buckingham feldspar
Commercial whiting
Lake County, Florida, clay
Calcined Harris North Carolina Kaolin
Ottawa, Illinois, sand flint
Aluminum hydroxide
With the exception of the feldspar, raw material additions were
calculated from theoretical formulas. The feldspar was calculated
from chemical analysis. Disregarding the impurities in the other raw
materials the RO composition of the glazes becomes, when recalcu-
lated from analyses,
0.219 K20
0.081 NaO2
0.700 CaO
Typical chemical analyses of raw materials are given in Table 1.
Method of Preparation
Glazes Nos. 1, 5, 16, 17, 20, 32, 33, 36, 48, 49, 51, 64, 65, 67, 80,
82, 96, 97, 98, and 112 (see Figs. 1 and 2) were made up, and the other
compositions were prepared by blending these in equivalent propor-
tions. About 2000-gram batches were milled wet for three hours.
The glaze slip was screened through a 120-mesh screen.
To satisfy the alumina requirement of glazes 1, 17, etc., the addi-
tion of aluminum hydroxide was necessary. In order to avoid the addi-
tion of this material to all glazes the first glaze on each line that did
not require aluminum hydroxide (Nos. 5, 17, etc.) was also made up.
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TABLE 1
TYPICAL CHEMICAL ANALYSES OF RAW MATERIALS
Harris,
Buckingham Lake County, North Carolina, Ottawa, Illinois,
Feldspar Florida, Clay Kaolin Sand Flint
per cent
SiOs ................... 65.58 45.39 46.95 98.82
A120 3. . . . . . . . . . . . . . . . . . .  19.54 39.19 37.24
FeOa. ................. n.d. 0.45 0.40
CaO................... 0.16 0.51 tr 0.13
M gO................... 0.20 0.29 tr
KO.................... 12.44 .. . 0.49
0.83
Na2O................... 2.56 .... 0.24
Loss on Ignition......... 0.32 14.01 14.10
100.80 100.67 99.42 99.00
Thus aluminum hydroxide is present only in those glazes whose
composition requires it.
Application and Firing
The glazes were applied to biscuit wall tile by dipping. The thick-
ness of the glaze coat was from 0.5 to 1.0 mm.
The tile were set in saggers, and were fired to cones 10 and 12 in
an oil-fired laboratory kiln. The rate of temperature rise was 50 deg.
C. per hour until a temperature of 1000 deg. C. was reached. and
20 deg. C. per hour from 1000 deg. to the finishing temperature. The
kiln was held constant at the finishing temperature for three hours to
insure uniformity. The kiln was allowed to cool normally, but as it
has a 27-in. wall the cooling was comparatively slow, and it was four
days before the tile could be drawn from the kiln.
Method of Examination of the Glazes
After firing, one set of tile was mounted on cardboard for inspec-
tion, while thin sections were prepared from another set by chipping a
piece from the tile, cementing the glazed surface (without grinding) to
a glass slide with "Kollolith" and grinding away the tile. A cover
glass was then mounted over the section. As the glazes were 0.5 mm.
or more in thickness, while the thin sections are only about 0.03 mm.
thick, there is no possibility of there being any of the tile left in the
thin section.
The surface film of a few of the glazes was ground away and an-
other thin section prepared to see if the glazes were homogeneous.
MICROSTRUCTURE OF SOME PORCELAIN GLAZES
/.0
a9
4 08
S07
04.^^~'
1.0
0.9
08
s 0.7
S05
0.4
20 28 3.6 48 .6 6.4 72 8.0
FIo. 1. PORCELAIN GLAZES FIRED TO CONE 12
.0 e.8 36 48 56 64 7. 80
Eqyu/va/enfs of S//i/ca
FIG. 2. PORCELAIN GLAZES FIRED TO CONE 10
6. Glasses from Pure Materials.-
Scope
The compositions of the glasses made from pure materials were the
same as those of the glazes made from potters' materials, but the field
was not quite so large. The RO was constant at :3 K ,O while the0.7 CaO
alumina varied from 0.3 to 1.0 equivalent in increments of 0.1 equiv-
alent and the silica from 2.0 to 5.2 equivalents in increments of 0.8
equivalent.
0.2/9 /o0
V// Craze'd RO Constant: 0.081/ iV0
0. 700 CaO
-I 3 4,, 5 6 8 10 ' , 2 14 ,- /6
/mmature / Semi- Mals -'
- /7 /8 19 / o0 / Zz 4 , 6 28 ,-' 30 32
-- 'Semi/-Br ig/ts -'
- 33 34,( 36 37/38 ,.40 42 ,," 44 " 46 48
/ God / ,- ,- \ Par- Brights
-67 6-89 70 '7Z 74 76 78 ,-' 80
Miy/s I ,,-,'Oevi/rifed' Good Brig/h7 ^'De9itr/fe/d
- 8t' 8 83 4 586 8 90 9- 94 96
---' at ge -m - -- ''" and/maot"re
- 98 99 -/0 /0/ /O 4 --- 70 08 /0e w /
I I I I [I I I
0. /9 A O
//•Crazed RO Constanf: 0.OS/ N/a0
0 700 Ca
- I 2 3 4 5 6 8,- 0 /Z /4 ,, -/6
-7 /8/9 20 E2 36 z Z -- 30 3Z
/lmoavree - -Semi o-As aond ,-'
-83 34 3S 36- 37 36 40 42 3-r f74 46 48
-. em/-Br/g'h's ,-' Far Br3ghs ,
- "," l SZ S3 64 sS6. S-'" e 6o .-'64
Fai/r la/s .- " \ -,'-"
- A 668 6e9 70- 7Z 74 \ 76 --'78 80
-- oor ." Good' Br/ght0s '.--" Dtr/ed
- 82 83 ,84 85 86 88 90,- 93 94 96
MaIs I - - .- ' a'd /7mmature
- 97 -~8 99 /00 /01 /Z -- 4 /06 08 /O //
I I I I I II I I l l i II
ILLINOIS ENGINEERING EXPERIMENT STATION
The Raw Materials
The glasses were made from the following raw materials:
C. P. silica
"Baker's Analyzed" CaCOs
"Baker's Analyzed" AO103
"Mallinckrodt" K2CO 3
The analyses as given by the manufacturers are shown in Table 2.
Method of Preparation
The alumina and silica were ignited at 1000 deg. C. and kept in
air-tight tubes for use. The calcium carbonate and potassium car-
bonate were dried at 110 deg. C. and kept in the same manner as the
silica and alumina.
A three-gram batch was weighed on an analytical balance, and the
materials were mixed thoroughly in an agate mortar. The batch was
sintered at a low temperature until all the volatiles were expelled and
then melted to a glass in a platinum crucible in a Babcock and Wilcox
gas-fired laboratory furnace. The temperatures used for melting
ranged from 1350 to 1500 deg. C., depending on the composition of
the glass. The melting time was usually from one-half to one hour.
The glass was then chilled by dipping the platinum crucible in water,
removed from the crucible, crushed in a diamond steel mortar and
ground fine in an agate mortar. It was then remelted and removed
from the crucible as before.
The Quenching Tests
The glasses were devitrified by heating them to about 1100 deg. C.
and keeping the temperature constant for a sufficient length of time
to cause crystallization.
The quenching method used was essentially the same as that used
at the Geophysical Laboratory.* It consists of holding a small
charge, wrapped in platinum foil, at constant temperature for a suffi-
cient length of time to insure equilibrium and then cooling it almost
instantaneously to room temperature. The charge was then examined
microscopically. That portion which existed as liquid at the temper-
ature of the furnace was seen as glass, and any crystals that were
present in the liquid were identified by their optical properties.
A platinum resistance furnace heated by current from a direct
current motor-generator was used for the quenching tests. The volt-
age was sufficiently constant to maintain a temperature varying less
than ± 5 deg. C. from the mean. This temperature was measured by
means of a thermocouple whose hot junction was at the "hot-point"
*Shepherd, Rankin, and Wright, Am. Jour. Sci., 28, 308, 1909.
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TABLE 2
ANALYSES OF C. P. CHEMICALS AS GIVEN BY
MANUFACTURERS
Si0 2 .. . . . . . . . . . . . . . . . . ....CaO.....................
Cl .....................
SO. 
. . . . . . . . . . . . . . . . .
...
H 20 .....................
Al ......................
Ca ......................
Cl .....................
NO. 
. . . . . . . . . . . . . . . . . . .
.
P20. ....................
SO. 
. . . . . . . . . . . . . . . . .
.
N a ......................
Silica Alumina
per cent
99.98 0.001
.... 0.001
.... 0.002
.... 0.001
.... 0.60
Potassium Calcium
Carbonate Carbonate
per cent
0.04 ....
0.001
0.005 0.003
0.08 0.005
0.004
0.005 0.02
.... 0.01
of the furnace. The foil containing the charge was fastened directly
to the thermocouple junction and was entirely within the hot zone
where the temperature varied only a few degrees. The thermocouple
was so arranged that it could be withdrawn rapidly from the furnace
and the charge cooled almost instantaneously by plunging it in water.
The usual practice was to make quenches of each composition at
10 deg. C. intervals. The equilibrium temperature was taken as the
mean of the lowest temperature at which the charge was entirely glass
and the highest at which crystals still remained. The usual time of a
charge in the furnace was one hour, but in some cases a longer time
was allowed to insure equilibrium.
The quenching test temperatures are subject to the following
errors:
Thermocouple- ± 5 deg. C.
Furnace variation-- 5 deg. C.
Intervals of tests-10 deg. C.
The overall accuracy is probably ± 10 deg. C.
IV. RESULTS
7. Glazes.-The macroscopic appearance of the glazes after being
fired to cone 12 is shown diagrammatically in Fig. 1. The fields for
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FrG. 4. MICROGRAPH OF LEUCITE AND ANORTHITE IN GLAZE NO. 81,
CONE 10 (x 160)
immature, mat, semi-mat, semi-bright, bright, and devitrified glazes
are essentially the same as shown by Stull* for the same compositions.
The best bright glazes lie on either side of a line running diagonally
across the field through those points having an alumina-silica ratio of
1 to 9. The area of good mat glazes is rather limited, and the alum-
ina-silica ratios of the compositions within the area vary only a little
on either side of 1 to 4. Some of the compositions in the semi-mat
area are fair mat glazes and would probably develop into good ones
with greater heat treatment. Practically all the glazes in the area
marked "poor mats" are crazed and in addition to this defect the
surface is rough and appears crystalline.
The glazes fired to cone 10 (see Fig. 2) differ only in a larger num-
ber of immature glazes and less bright ones. There are no really good
mat glazes at cone 10; the few that show fair mat texture are crazed.
The devitrification noted around the edge of the tile in the low-alum-
ina, low-silica glazes fired to cone 12, is not present at cone 10 and
some of these compositions are good bright glazes. The devitrifica-
tion at cone 12 has probably been caused by change in composition of
the glaze through solution of the tile.
*Stull, loc. cit.
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FIG. 5. MICROGRAPH OF TRIDYMITE AROUND RESIDUAL QUARTZ CENTERS
IN GLAZE No. 108, CONE 12 (x 360)
Micrographs of even-numbered glazes of the entire field fired to
cone 12 are shown in Fig. 3. Figures 4 and 5 show micrographs of
glaze No. 81, cone 10, and glaze No. 108, cone 12, respectively. The
microscopic appearance of all the glazes fired to cone 12 is shown
graphically in Fig. 6. A description of each glaze in this group is
given in the appendix. Figure 7 shows graphically the microstructure
of a portion of the field when fired to cone 10.
The most surprising point brought out by the examination is the
great amount of undissolved and recrystallized material present in the
glazes. Even at cone 12 only four glazes are entirely glass. Most of
the good bright glazes contain undissolved quartz and many of them
also have traces of crystallization of either anorthite or tridymite.
It will be noted that with one exception all of the good mat glazes
fall within the anorthite area, and that the glazes consist of a glassy
matrix in which are suspended numerous very small needle-like
crystals. Most of these needles are simple twins of anorthite, but
multiple twinning is sometimes present. Many of the semi-mat
glazes contain anorthite in about the same amount and crystal size,
but the mat texture is spoiled by the undissolved quartz, each grain of
which is surrounded by clear glass. It seems to be this that gives the
ILLINOIS ENGINEERING EXPERIMENT STATION
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FIG. 6. MICROSTRUCTURE OF PORCELAIN GLAZES FIRED TO CONE 12
slight gloss which spoils the good mat texture. This also explains why
increasing temperature, by solution of the quartz, will change a
semi-mat into a mat glaze.
Only one of the compositions within the wollastonite field is a
good mat glaze. The crystals have grown radially from a common
center and have grown larger than the anorthite crystals in the good
mat glazes. This causes an uneven texture that spoils the mat
appearance.
The crystals in the glazes fired to cone 10 are poorly developed,
and positive identification is usually impossible. It seems probable
that the fields of the various minerals would be the same as at cone 12.
Glazes No. 97 and No. 81 contain well-crystallized leucite (Fig. 7).
The fact that the leucite is not present at the higher temperature
would indicate that the field in which leucite is the primary phase lies
to the left. As will be seen later, in the absence of soda, leucite is the
primary phase in several compositions.
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FIG. 8. STABILITY FIELDS AND EQUILIBRIUM TEMPERATURES OF
PORCELAIN GLAZE GLASSES
8. Glasses.-The results of the quenching tests are shown in Fig. 8.
Equilibrium temperatures and the probable locations of boundary
lines and isotherms are shown. A large number of intermediate com-
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positions would be necessary for the accurate location of boundary
lines and isotherms, especially over the critical ranges.
Four different minerals separate as primary phases-corundum,
anorthite, leucite, and pseudo-wollastonite. The optical properties
and habits of these minerals are identical with those usually given for
the artificial products.* Leucite appears as a primary phase in nine
compositions. As would be expected, the soda present in the glazes
has shifted the field in which leucite is the primary phase.
V. CONCLUSIONS
9. Conclusions.-The results of the investigation seem to justify
the following conclusions:
(1) The good mat glazes within the porcelain glaze field owe their
matness to crystallization.
(2) Alumina plays a double role in the development of mat glazes;
it furnishes an essential constituent of the crystallizing mineral, and
so regulates the viscosity of the glaze that the crystals do not grow to
a sufficient size to spoil the mat texture.
(3) Many of the bright porcelain glazes are not all glass, but con-
tain undissolved quartz and have traces of devitrification.
(4) An excess of either alumina or silica will cause devitrification,
while a greater excess will cause immaturity.
(5) The soda introduced by the feldspar into porcelain glazes has
a definite effect on the composition of the mineral separating from the
melt upon crystallization.
APPENDIX
1. Description of Microstructure of Porcelain Glazes Fired to
Cone 12.
No. 1. Immature. There is a glassy ground mass in which there
is much undissolved clay and alumina, and a few microlites that are
probably anorthite.
No. 2. Very similar to No. 1. Undissolved material is somewhat
smaller in amount.
No. 3. A glassy ground mass in which there is undissolved quartz,
clay, and alumina; also a few minute crystals.
*A. N. Winchell, "The Optic and Microscopic Characters of the Artificial Minerals," Univ. of Wis.,
Madison, 1927.
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No. 4. Very similar to No. 3, but with more quartz and less clay
and alumina.
No. 5. The glaze consists of a glassy ground mass in which there is
undissolved quartz and material crystallized in minute needles. No
undissolved clay or alumina.
No. 6. Much undissolved quartz in a ground mass of minute
crystals and glass.
No. 8, No. 10, No. 12, No. 14, and No. 16. These are very similar
in that they all contain undissolved quartz in a ground mass of glass
and minute crystals that are probably anorthite. The amount of
anorthite decreases while the amount of quartz increases in each suc-
ceeding glaze. The crystals of anorthite are about 0.001 x 0.02 mm.
in size. Each quartz grain is surrounded by a fringe of clear glass.
No. 17. This glaze is very similar to No. 1 but contains more glass.
No. 18 and No. 19. Contain undissolved clay and alumina in a
ground mass of glass with a few microlites of anorthite.
No. 20. Undissolved quartz in a ground mass of glass and micro-
lites. There may be some undissolved clay.
No. 21 and No. 22. Undissolved quartz in a ground mass of glass
and minute crystals. The crystals, probably anorthite, are about
0.004 x 0.04 mm., and smaller, in size.
No. 24. The anorthite crystals are slightly larger than in No. 22
and there is more undissolved quartz. Otherwise the two are alike.
No. 26 and No. 28. These are very similar to No. 24 but they
contain increasing amounts of quartz.
No. 30. Considerable quartz in a ground mass of glass and anor-
thite. The anorthite crystals are smaller, both in size and amount,
than in No. 28.
No. 32. Very similar to No. 30, but contains more quartz and
glass and less anorthite.
No. 33. Slightly immature; some undissolved clay and alumina.
There are numerous minute crystals.
No. 34. Similar to No. 33, but less undissolved material.
No. 35. This glaze is a mass of small anorthite crystals (maximum
size 0.002 x 0.04 mm.) in a glassy ground mass. A good mat glaze.
No. 36. Similar to No. 35 but the crystals are somewhat larger,
the maximum size being about 0.003 x 0.08 mm. This glaze has the
best mat texture in the field.
No. 37. A good mat glaze. Anorthite crystals 0.008 x 0.08 mm.
in a glassy ground. An occasional quartz grain.
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No. 38. The crystals are about the same size as in No. 37 but are
less numerous. There is some quartz, each grain surrounded by
clear glass, that apparently spoils the mat texture.
No. 40, No. 42, and No. 44. These glazes contain increasing
amounts of glass and undissolved quartz and decreasing amounts
of anorthite.
No. 46 and No. 48. These glazes contain much glass and quartz.
Most of the quartz shows traces of inversion. There are only a few
anorthite crystals.
No. 49. This glaze is a mass of very small crystals, occasionally as
large as 0.002 x 0.02 mm., but mostly smaller. There is some undis-
solved clay or alumina.
No. 50. A fair mat glaze, but the texture is somewhat rough
because of insufficient glass. Glaze is a mass of anorthite crystals
as large as 0.006 x 0.10 mm.
No. 51 and No. 52. Good mat glazes. Anorthite crystals as large
as 0.008 x 0.12 mm. in glassy ground.
No. 53. Very similar to No. 52, but crystals much smaller in size
and amount. Not enough crystalline material for good mat texture.
No. 54. Considerable quartz, surrounded by clear glass. In be-
tween the quartz grains are numerous small crystals.
No. 56. Very similar to No. 54, but with more glass and less
crystalline material.
No. 58. Almost clear glass; rare quartz of fibrous crystal.
No. 60, No. 62, and No. 64. Increasing amounts of undissolved
quartz. Most of it shows signs of inversion and devitrification
rims of tridymite.
No. 65. Mass of small anorthite crystals in glass. Appears iden-
tical with No. 50.
No. 66. Anorthite crystals, varying in size from 0.016 x 0.08 mm.
to very small, in glass. Not a very good mat glaze; crystals are too
large.
No. 67. Bundles of minute, fibrous wollastonite crystals growing
from a common crystallization center.
No. 68. Very similar to No. 67, but crystals are smaller in
amount. A fair mat glaze.
No. 69. Similar to No. 68, but the bundles of crystals are smaller
and less numerous.
No. 70. Clear glass except for devitrification around edge of tile.
No. 72. Clear glass except for occasional undissolved quartz
grain.
MICROSTRUCTURE OF SOME PORCELAIN GLAZES
No. 74, No. 76, No. 78, and No. 80. Increasing amounts of un-
dissolved quartz, most of it having devitrification rim of tridymite.
No. 81. Anorthite crystals, averaging about 0.008 x 0.08 mm. in
size, in glassy ground. Some are considerably larger than the average.
No. 82. Wollastonite bundles, appearing identical with No. 68.
No. 83. Very similar to No. 82 but contains more glass and much
less crystalline material.
No. 84 and No. 85. Clear glass, except for devitrification around
edge of tile.
No. 86. All glass.
No. 88. Clear glass, except for occasional quartz grain.
No. 90-96, inclusive. Glass with undissolved quartz in increasing
amounts. Some tridymite devitrification.
No. 97-100, inclusive. Clear glass, except for devitrification
around edge of tile.
No. 101-104, inclusive. All glass.
No. 106. A little undissolved quartz and much tridymite devitri-
fication.
No. 108. Quartz grains surrounded by tridymite rosettes with
interstatial glass.
No. 110 and No. 112. Increasing amounts of undissolved quartz
and tridymite devitrification and decreasing amounts of glass.

RECENT PUBLICATIONS OF
THE ENGINEERING EXPERIMENT STATIONt
Bulletin No. 179. An Investigation of Checkerbrick for Carbureters of Water-gas
Machines, by C. W. Parmelee, A. E. R. Westman, and W. H. Pfeiffer. 1928. Fifty
cents.
Bulletin No. 180. The Classification of Coal, by Samuel W. Parr. 1928. Thirty-
five cents.
Bulletin No. 181. The Thermal Expansion of Fireclay Bricks, by Albert E. R.
Westman. 1928. Twenty cents.
Bulletin No. 182. Flow of Brine in Pipes, by Richard E. Gould and Marion I.
Levy. 1928. Fifteen cents.
Circular No. 17. A Laboratory Furnace for Testing Resistance of Firebrick to
Slag Erosion, by Ralph K. Hursh and Chester E. Grigsby. 1928. Fifteen cents.
Bulletin No. 183. Tests of the Fatigue Strength of Steam Turbine Blade Shapes,
by Herbert F. Moore, Stuart W. Lyon, and Norville J. Alleman. 1928. Twenty-five
cents.
Bulletin No. 184. The Measurement of Air Quantities and Energy Losses in
Mine Entries. Part III, by Alfred C. Callen and Cloyde M. Smith. 1928. Thirty-five
cents.
Bulletin No. 185. A Study of the Failure of Concrete Under Combined Com-
pressive Stresses, by Frank E. Richart, Anton Brandtzaeg, and Rex L. Brown. 1928.
Fifty-five cents.
*Bulletin No. 186. Heat Transfer in Ammonia Condensers. Part II, by Alonzo
P. Kratz, Horace J. Macintire, and Richard E. Gould. 1928. Twenty cents.
*Bulletin No. 187. The Surface Tension of Molten Metals. Part II, by Earl E.
Libman. 1928. Fifteen cents.
*Bulletin No. 188. Investigation of Warm-air Furnaces and Heating Systems.
Part III, by Arthur C. Willard, Alonzo P. Kratz, and Vincent S. Day. 1928. Forty-
five cents.
Bulletin No. 189. Investigation of Warm-air Furnaces and Heating Systems.
Part IV, by Arthur C. Willard, Alonzo P. Kratz, and Vincent S. Day. 1929. Sixty
cents.
*Bulletin No. 190. The Failure of Plain and Spirally Reinforced Concrete in
Compression, by Frank E. Richart, Anton Brandtzaeg, and Rex L. Brown. 1929.
Forty cents.
Bulletin No. 191. Rolling Tests of Plates, by Wilbur M. Wilson. 1929. Thirty
cents.
Bulletin No. 192. Investigation of Heating Rooms with Direct Steam Radiators
Equipped with Enclosures and Shields, by Arthur C. Willard, Alonzo P. Kratz,
Maurice K. Fahnestock, and Seichi Konzo. 1929. Forty cents.
Bulletin No. 193. An X-Ray Study of Firebrick, by Albert E. R. Westman.
1929. Fifteen cents.
*Bulletin No. 194. Tuning of Oscillating Circuits by Plate Current Variations,
by J. Tykocinski-Tykociner and Ralph W. Armstrong. 1929. Twenty-five cents.
Bulletin No. 195. The Plaster-Model Method of Determining Stresses Applied
to Curved Beams, by Fred B. Seely and Richard V. James. 1929. Twenty cents.
*Bulletin No. 196. An Investigation of the Friability of Different Coals, by Cloyde
M. Smith. 1929. Thirty cents.
*Circular No. 18. The Construction, Rehabilitation, and Maintenance of Gravel
Roads Suitable for Moderate Traffic, by Carroll C. Wiley. 1929. Thirty cents.
*Bulletin No. 197. A Study of Fatigue Cracks in Car Axles. Part II, by Herbert
F. Moore, Stuart W. Lyon, and Norville J. Alleman. 1929. Twenty cents.
*Bulletin No. 198. Results of Tests on Sewage Treatment, by Harold E. Babbitt
and Harry E. Schlenz. 1929. Fifty-five cents.
*Bulletin No. 199. The Measurement of Air Quantities and Energy Losses in
Mine Entries. Part IV, by Cloyde M. Smith. 1929. Thirty cents.
*A limited number of copies of bulletins starred are available for free distribution.
tCopies of the complete list of publications can be obtained without charge by addressing the
Engineering Experiment Station, Urbana, Ill.
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*Bulletin No. 200. Investigation of Endurance of Bond Strength of Various Clays
in Molding Sand, by Carl H. Casberg and William H. Spencer. 1929. Fifteen cents.
*Circular No. 19. Equipment for Gas-Liquid Reactions, by Donald B. Keyes.
1929. Ten cents.
Bulletin No. 201. Acid Resisting Cover Enamels for Sheet Iron, by Andrew I.
Andrews. 1929. Twenty-five cents.
*Bulletin No. 202. Laboratory Tests of Reinforced Concrete Arch Ribs, by
Wilbur M. Wilson. 1929. Fifty-five cents.
*Bulletin No. 203. Dependability of the Theory of Concrete Arches, by Hardy
Cross. 1929. Twenty cents.
*Bulletin No. 204. The Hydroxylation of Double Bonds, by Sherlock Swann, Jr.
1930. Ten cents.
Bulletin No. 205. A Study of the Ikeda (Electrical Resistance) Short-Time Test
for Fatigue Strength of Metals, by Herbert F. Moore and Seichi Konzo. 1930.
Twenty cents.
Bulletin No. 206. Studies in the Electrodeposition of Metals, by Donald B.
Keyes and Sherlock Swann, Jr. 1930. Ten cents.
*Bulletin No. 207. The Flow of Air through Circular Orifices with Rounded
Approach, by Joseph A. Polson, Joseph G. Lowther, and Benjamin J. Wilson. 1930.
Thirty cents.
*Circular No. 20. An Electrical Method for the Determination of the Dew-Point
of Flue Gases, by Henry Fraser Johnstone. 1929. Fifteen cents.
Bulletin No. 208. A Study of Slip Lines, Strain Lines, and Cracks in Metals
Under Repeated Stress, by Herbert F. Moore and Tibor Ver. 1930. Thirty-five cents.
Bulletin No. 209. Heat Transfer in Ammonia Condensers. Part III, by Alonzo
P. Kratz, Horace J. Macintire, and Richard E. Gould. 1930. Thirty-five cents.
Bulletin No. 210. Tension Tests of Rivets, by Wilbur M. Wilson and William A.
Oliver. 1930. Twenty-five cents.
Bulletin No. 211. The Torsional Effect of Transverse Bending Loads on Channel
Beams, by Fred B. Seely, William J. Putnam, and William L. Schwalbe. 1930.
Thirty-five cents.
Bulletin No. 212. Stresses Due to the Pressure of One Elastic Solid upon
Another, by Howard R. Thomas and Victor A. Hoersch. 1930. Thirty cents.
Bulletin No. 213. Combustion Tests with Illinois Coals, by Alonzo P. Kratz and
Wilbur J. Woodruff. 1930. Thirty cents.
*Bulletin No. 214. The Effect of Furnace Gases on the Quality of Enamels for
Sheet Steel, by Andrew I. Andrews and Emanuel A. Hertzell. 1930. Twenty cents.
*Bulletin No. 215. The Column Analogy, by Hardy Cross. 1930. Forty cents.
Bulletin No. 216. Embrittlement in Boilers, by Frederick G. Straub. 1930
Sixty-five cents.
Bulletin No. 217. Washability Tests of Illinois Coals, by Alfred C. Callen and
David R. Mitchell. 1930. Sixty cents.
Bulletin No. 218. The Friability of Illinois Coals, by Cloyde M. Smith. 1930.
Fifteen cents.
*Bulletin No. 219. Treatment of Water for Ice Manufacture, by Dana Burks, Jr.
1930. Sixty cents.
*Bulletin No. 220. Tests of a Mikado-Type Locomotive Equipped with Nichol-
son Thermic Syphons, by Edward C. Schmidt, Everett G. Young, and Herman J.
Schrader. 1930. Fifty-five cents.
*Bulletin No. 221. An Investigation of Core Oils, by Carl H. Casberg and Carl E.
Schubert. 1930. Fifteen cents.
*Bulletin No. 222. Flow of Liquids in Pipes of Circular and Annular Cross-
Sections, by Alonzo P. Kratz, Horace J. Macintire, and Richard E. Gould. 1930.
Fifteen cents.
*Bulletin No. 223. Investigation of Various Factors Affecting the Heating of
Rooms with Direct Steam Radiators, by Arthur C. Willard, Alonzo P. Kratz, Maurice
K. Fahnestock, and Seichi Konzo. 1930. Fifty-five cents.
*Bulletin No. 224. The Effect of Smelter Atmospheres on the Quality of Enamels
for Sheet Steel, by Andrew I. Andrews and Emanuel A. Hertzell. 1931. Ten cents.
*Bulletin No. 225. The Microstructure of Some Porcelain Glazes, by Clyde L.
Thompson. 1931. Fifteen cents.
*A limited number of copies of bulletins starred are available for free distribution.
UNIVERSITY OF ILLINOIS
THE STATE UNIVERSITY
URBANA
HARRY WOODBURN CHASE, Ph.D., LL.D., President
The University includes the following departments:
The Graduate School
The College of Liberal Arts and Sciences (Curricula: General with majors,
in the Humanities and the Sciences; Chemistry and Chemical Engi-
neering; Pre-legal, Pre-medical, and Pre-dental; Pre-journalism, Home
Economics, Economic Entomology, and Applied Optics)
The College of Commerce and Business Administration (Curricula: Gen-
eral Business, Banking and Finance, Insurance, Accountancy, Railway
Administration, Railway Transportation, Industrial Administration,
Foreign Commerce, Commercial Teachers, Trade and Civic Secretarial
Service, Public Utilities, Commerce and Law)
The College of Engineering (Curricula: Architecture, Ceramics; Architec-
tural, Ceramic, Civil, Electrical, Gas, General, Mechanical, Mining, and
Railway Engineering; Engineering Physics)
The College of Agriculture (Curricula: General Agriculture; Floriculture;
Home Economics; Landscape Architecture; Smith-Hughes-in con-junction with the College of Education)
The College of Education (Curricula: Two year, prescribing junior stand-
ing for admission--General Education, Smith-Hughes Agriculture,
Smith-Hughes Home Economics, Public School Music; Four year, ad-
mitting from the high school-Industrial Education, Athletic Coaching,
Physical Education. The University High School is the practice school
of the College of Education)
The School of Music (four-year curriculum)
The College of Law (three-year curriculum based on a college degree, or
three years of college work at the University of Illinois)
The Library School (two-year curriculum for college graduates)
The School of Journalism (two-year curriculum based on two years of
college work)
The College of Medicine (in Chicago)
The College of Dentistry (in Chicago)
The School of Pharmacy (in Chicago)
The Summer Session (eight weeks)
Experiment Stations and Scientific Bureaus: U. S. Agricultural Experiment
Station; Engineering Experiment Station; State Natural History Sur-
vey; State Water Survey; State Geological Survey; Bureau of Educa-
tional Research.
The Library collections contain (May 1, 1930) 836,496 volumes and 221,800
,pamphlets.
For catalogs and information address
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